Background: To validate our speculation that curcumin may ameliorate Alzheimer's disease (AD) pathogenesis by regulating PI(3,5)P2 and transient receptor potential mucolipin-1 (TRPML1) expression levels.
inTrODUcTiOn Alzheimer's disease (AD) is the most common neurodegenerative disorder in the world, in which pathological characteristics include the extracellular accumulation of senile plaques containing amyloid-β (Aβ) deposits, and neurofibrillary tangles containing hyper-phosphorylated tau (1, 2) . Autophagy is a highly conserved intracellular pathway involved in the organized elimination of proteins and organelles by lysosomes, which are recently reported to be important for neuronal survival and AD pathogenesis in several studies (3) (4) (5) . Particularly, during autophagy, lysosomes fuse with autophagosomes to form autolysosomes. Following starvation-induced autophagy, nascent lysosomes are formed from autolysosomal membranes through an evolutionarily conserved cellular process, called autophagic lysosome reformation (ALR) that is critical for maintaining lysosome homeostasis (6) . Since autophagy is strongly associated with AD pathogenesis, along with the fact that ALR is critical for maintaining lysosome homeostasis, it seems that ALR is also participate in the AD progression. Transient receptor potential mucolipin-1 (TRPML1) is widely expressed in mammalian cells in the lysosomes or endosome membrane (7) , and is the main channel of lysosome Ca 2+ release and the key regulator for lysosomal storage and transportation (8) . Besides, TRPML1 is considered to be the regulator of autophagy and intraneuronal accumulation of Aβ (7, 9) . Importantly, this study indicated that TRPML1 functions as an endolysosomal Ca 2+ release channel that is regulated by PI(3,5)P2 (10) . PI(3,5) P2 is a low-abundance endolysosome-specific phosphoinositide (PIP) and can be generated from PI(3)P through a PI 5 kinase, called PIKfyve/Fab1, which is localized in the endolysosome of both yeast and mammalian cells (11) . These investigations indicate that PI (3, 5) P2 may participate in the pathogenesis of AD by regulating TRPML1, which induced the alteration in the endolysosomal Ca 2+ release channel and caused autophagylysosome dysfunction, which finally affects the pathogenesis of AD.
Curcumin, a major polyphenol from curry spice (Curcuma longa), has been reported to inhibit Aβ aggregation, Aβ-induced inflammation, and the activities of β-secretase and acetylcholinesterase in in vitro studies (12, 13) . Moreover, in in vivo studies, oral administration of curcumin has resulted in the inhibition of Aβ oligomerization, Aβ deposition, and tau phosphorylation in the brains of AD animal models, as well as led to the improvements in behavioral impairment in animal models (12) . In our previous study, we found that chronic curcumin administration ameliorates Aβ1-42 induced AD-related cognitive deficits (13) . However, more information underlying the mechanism should be explored.
Based on these research results, we speculated that curcumin may ameliorate AD pathogenesis by regulating PI(3,5)P2 and TRPML1 expression levels. To validate it, we first detect the effects of curcumin on lysosomes and the cell viability of hippocampal HT-22 cells that treated with Aβ1-42. Sequencing technique was then used and TRPML1 was identified as the most upregulated gene that affected by curcumin. Afterward, the effects of curcumin on the autophagy-related proteins were also analyzed in vitro. Besides, we also determined that curcumin ameliorated autophagy-lysosome dysfunction by regulating PI(3,5)P2 and TRPML1 in vivo. Our study suggests that curcumin might be one of the most promising compounds for the interference of AD therapies.
MaTerials anD MeThODs animals
A total of 50 male and female AβPPswe/PSEN1dE9 (AβPP/PS1) transgenic mice were used. The double-transgenic (Tg) mice were obtained from Jackson Laboratory [strain name B6C3-Tg (AβPPswe, PSEN1dE9) 85Dbo/J; stock number 004462]. These B6C3-based Tg mice harbor two AD-related genes, one encoding a chimeric mouse/human Aβ protein precursor containing the K595N/M596L Swedish mutation (Aβ PPswe) and the other a mutant human presenilin 1 carrying a deletion of exon 9 (PSEN1dE9). APPSwe is the Swedish mutation of the amyloid precursor protein, and PS1 is the mutant form of human presenilin 1 (14) . The mice were genotyped from tail tissue as previously described (15) . Since early onset memory decline was induced in the Tg mice at 6 months, as reported previously (16) , mice at this age was used. Mice were divided into five groups (n = 10 in each group): the control group, mice treated with curcumin, mice treated with curcumin and with in vivo sh-TRMPL1 transfection, and mice treated with curcumin and with in vivo sh-PI(3,5)P2 transfection. Animals were maintained at room temperature (25 ± 2°C) under a controlled environment (12 h-light/12 h-dark cycle), with free access to water and food. Curcumin were administrated orally (200 mg/kg) in APP/PS1 transgenic mice for 3 month. The concentration was decided by our previous study (13 amyloid-β1-42 (aβ1-42) Preparation and cell culture Curcumin (~80% pure) and Aβ1-42 were obtained from Sigma-Aldrich (St. Louis, MO, USA). Aβ1-42 preparation was performed as previously described (17) . In brief, peptides were reconstituted in sterile water at a concentration of 400 mM. Aliquots of stocks were incubated at 37°C for 3 days to form aggregated amyloid. A final concentration of 10 μM was used in our study. Curcumin preparation was performed as previously described (18) . In brief, the stock curcumin were dissolved in methanol and then diluted in the DMEM or MEM (methanol was <1%), before being added to the Petri dish containing the cells. The mouse clonal hippocampal neuronal cell line HT-22 were maintained at 37°C and 5% CO2 in complete medium containing DMEM high glucose supplemented with 10% heat-inactivated fetal bovine serum, 50 mg/mL streptomycin, 50 U/mL penicillin, and passed by tripsinization. Aβ1-42-treated HT-22 cells were treated with a single dose of curcumin (0, 5, 10, and 15 μM) for 24 or 48 h. illumina rna-seq RNA samples were used for the preparation of cDNA libraries by using an mRNA-seq Sample Preparation Kit (Illumina, San Diego, CA, USA) as previously described (19) . Briefly, doublestranded cDNA was prepared and reverse transcribed. The double-stranded cDNA was ligated and the ligated DNA was amplified before library assessment and quantitation. Cluster generation of loads of a single mRNA-seq library per lane was performed on the Cluster Station. Sequence-by-synthesis single reads of 54 base length using the SBS Sequencing Kit v4 (Illumina) were generated on the Genome Analyzer IIx.
Knockdown of Pi(3,5)P2 or TrPMl1 in hT-22 cells or in aPP/Ps1 Transgenic Mice
The sequences of PI(3,5)P2 and TRPML1 were cloned by PCR and the generation of the PI(3,5)P2 or TRPML1 shRNA was constructed. The primer for TRPML1 was 5′-CCCACATCCAGGAGTGTAA-3′. The recombinant lentivirus eukaryotic expression plasmids Lenti-TRPML1-shRNA and Lenti-PI(3,5)P2-shRNA were constructed. After sequencing, the lentivirus vectors were transfected into 293T cells. The supernatant was collected and the viral particles were concentrated and HT-22 cells were infected. APP/PS1 transgenic mice were injected with viral particles as described in our previous study (13) . The transfection efficiency was detected by Western blotting 24 h after knockdown of PI(3,5)P2 or TRPML1 in HT-22 cells and then exposed to curcumin for 48 h.
MTs assay
Cell viability was measured by the cellular ability to metabolize MTS (Promega) in the presence of phenazine methosulfate to a formazan product, as described previously (20) . The absorbance value at 490 nm was measured to calculate cell viability. The results were shown as the percentage of the control group.
lysosomal ca 2+ Measurements
The cells in each group were washed three times with PBS, and the intracellular lysosome was extracted by lysosome extraction kit (Sigma-Aldrich, St. Louis, MO, USA). Then, 3 µmol/L Fluo-3AM solution was immediately added, and incubated in a incubator at 37°C for 30 min. After aspirating the working fluid, lysosome was rinsed with PBS for three times, and PBS was added to balance for 10 min, and finally for observation. By using Ca 2+ analyzer, the image and time was obtained with real-time monitoring via NIS-Element AR3.0 (Nikon) software system, with a period of 6 min. Lysosomal Ca 2+ intensity was expressed as R340/380 (Wavelengths at 340 and 380 nm, respectively). Each experiment was detected at least 10 cells, baseline was also detected (baseline fluctuates within a relatively small range), with each experiment repeating at least three times.
Transmission electron Microscopic examination
The transmission electron microscopic examination was performed to assess the autophagosome formation. Briefly, cells were digested with trypsin, centrifuged, and washed. Then, the samples were fixed with 2.5% glutaraldehyde and 2% osmium acid for 2 h; and then dehydrated by ethanol gradient and embedded with anhydrous acetone/embedding solution (2:1). The embedding plate was then placed at 65°C for more than 48 h after polymerization. The sample was cut and the sample surface area is less than 0.2 mm × 0.2 mm, and then sliced into a thickness of 70 nm. Finally, the sample was stained with uranium and plumbum for 5-15 min, respectively. After washing, the sample was imaged.
Western Blot analysis
For Western blot analysis, cell lysates were prepared from cell line or hippocampus tissue with RIPA lysis buffer kit (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and the protein concentrations were quantified using a Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA). Whole-cell proteins (30 µg) were separated on 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride membranes (Amersham Corp., Arlington Heights, IL, USA). The membranes were incubated with primary antibodies (anti-TRPML1, -mTOR, -p-mTOR, -S6K, -p-S6K, -Beclin-1, -LC3-I, -LAMP-1, or -β-actin, all obtained from Abcam, Cambridge, MA, USA) overnight at 4°C. Secondary antibodies were subsequently used. Signals were detected using ECL and exposed to Kodak X-OMAT film (Eastman Kodak, Rochester, NY, USA). The results were scanned and analyzed using Alpha View Analysis Tools.
The MWM Test
After knockdown of PI(3,5)P2 or TRPML1 in APP/PS1 transgenic mice, curcumin were administrated orally (200 mg/kg) in APP/PS1 transgenic mice for 3 months. The MWM test was performed to evaluate the escape latency (the time to reach the hidden platform), traveled distance (the length of swim path), and times across platform of mice (at age of about 9 month) as described in previous studies (21, 22) . Recognition task was preformed as described previously (23) .
statistical analyses
Data were presented as the mean ± SEM and analyzed by using SPSS18.0. Each experiment was performed at least three times. Comparisons among multiple groups were analyzed by 1-or 2-way analysis of variance followed by Fischer protected least significant difference post hoc tests. Comparisons between two groups were analyzed by Student's 2-tailed unpaired t-test. The significance differences were indicated as a p-value <0.05. was detected at 24 and 48 h. The results revealed that curcumin significantly increased cell viability, with the maximum cell viability was observed at a concentration of 10 μM ( Figure 1A) . The results of transmission electron microscopic examination showed that curcumin decreased the number of autophagosomes in Aβ1-42-treated HT-22 cells (Figure 1B) . Besides, we found that curcumin significantly increased lysosomal Ca 2+ levels and the highest level was observed at a concentration of 10 μM (Figure 1C) . These results indicated the effects of curcumin on neuronal cell growth and autophagy. (Figure 2A) . Since TRPML1 was strongly associated with autophagy, autophagy-related signaling pathway, and proteins were also detected. The mTOR/p70 ribosomal protein S6 kinase (p70S6K, S6K) signaling pathway is accepted to negatively regulate autophagy in mammalian cells, and Beclin, LC3, and LAMP-1 are markers of the autophagy-lysosomal system (24, 25) . Here, we found the protein levels of p-mTOR and p-S6K were downregulated, and Beclin, LC3, and LAMP-1 were upregulated after Aβ1-42 treatment as compared to the control. However, curcumin use reversed these protein levels in Aβ1-42-treated HT-22 cells (Figures 2B,C) .
Knockdown of Pi(3,5)P2 or TrPMl1 increased the Protein levels of Markers of the autophagy-lysosomal system after curcumin Use in aβ1-42-Treated hT-22 cells PI(3,5)P2 or TRPML1 was knocked down in Aβ1-42-treated HT-22 cells respectively, and were then exposed to curcumin, and the transfection efficiency was determined (Figures 3A,B) . After knockdown of PI(3,5)P2 or TRPML1 after curcumin use (10 μM) in Aβ1-42-treated HT-22 cells, we found that the protein levels of Beclin, LC3, and LAMP-1 were increased as compared to the Aβ1-42-treated HT-22 cells with curcumin usage, which were comparable to the expression levels in Aβ1-42-treated HT-22 cells (Figures 3C-E) . To some extent, it suggested that the effects of curcumin on the protein levels of Beclin, LC3 and LAMP-1 can be eliminated by PI(3,5)P2 or TRPML1 knockdown in vitro.
Knockdown of Pi(3,5)P2 or TrPMl1 inhibited mTOr/s6K signaling Pathway and increased the Protein levels of Markers of the autophagy-lysosomal system after curcumin Use in aPP/Ps1 Mice Furthermore, we want to validate the involvement of PI(3,5)P2 or TRPML1 in the effects of curcumin on the pathogenesis of AD, APP/PS1 transgenic mice were used. As shown in Figure 4 , the results showed that the protein level of TRPML1 was significantly downregulated, and the protein levels of p-mTOR and p-S6K were downregulated, and Beclin, LC3, and LAMP-1 were upregulated in APP/PS1 transgenic mice as compared to the control. The low levels of TRPML1 p-mTOR and p-S6K, and high levels of Beclin, LC3, and LAMP-1 were abrogated following curcumin treatment (200 mg/kg). We also found that the protein level of TRPML1 in APP/PS1 + CUR + Sh-TRPML1 group was decreased, and PI(3,5)P2 knockdown in APP/PS1 transgenic mice with curcumin treatment decreased the protein level of TRPML1 as compared to the APP/PS1 + CUR group. Importantly, knockdown of PI(3,5)P2 or TRPML1 decreased the protein levels of p-mTOR, p-S6K, but increased Beclin, LC3, and LAMP-1 protein levels after curcumin use in APP/PS1 mice. It also proved that the effects of curcumin on the protein levels of Beclin, LC3, and LAMP-1 can be eliminated by PI(3,5) P2 or TRPML1 knockdown in vivo. Figure 5D) . However, the protective role of curcumin on memory and recognition impairments was significantly reversed by knockdown of PI(3,5)P2 or TRPML1.
DiscUssiOn
Curcumin have beneficial effects on AD including antioxidative, anti-Aβ aggregation, and inhibition of acetylcholinesterase, β-secretase, and Aβ-induced inflammation in vitro as well as inhibition of tau phosphorylation and Aβ oligomerization in the brain in vivo (12, 18) . One of the key steps in Aβ generation is cleavage of APP by β-site APP-cleaving enzyme 1 (BACE-1) and β-secretase. Lin et al. found curcumin almost completely suppressed the up-expression of APP and BACE-1 mRNA levels (26) , indicating that curcumin exerts effects on APP processing. Maiti et al. (18) suggested that curcumin or solid lipid curcumin particles treatment could increase the levels of LC3A/B-II and Beclin-1, indicating that maintenance or restoration of heat shock proteins and regulation of autophagy-lysosomal pathways by curcumin may provide a promising strategy to degrade Aβ-aggregates from neurons in the AD brain. To some extent, our study is consistent with this previous study, showing that the markers of the autophagy-lysosomal system (Beclin, LC3, and LAMP-1) were downregulated after curcumin use in Aβ1-42-treated HT-22 cells. Autophagy is reported to be affected by the mTOR, a central cell growth regulator that integrates growth factor and nutrient signals (27, 28) . And the mTOR/S6K signaling pathway is wellknown to negatively regulate autophagy (24, 27) . The expression of mTOR/S6K signaling pathway was activated after curcumin use in Aβ1-42-treated HT-22 cells in our study. It seems that curcumin use inhibits autophagy. Conversely, Zhang et al. (29) indicated that curcumin can protect human vascular endothelial cell, mouse cardiomyocytes, and rat kidney cells from oxidative stress damage through induction of autophagy by increasing expression of autophage proteins such as LC3 and decreasing expression of mTOR proteins.
Besides, we also found that curcumin increased lysosomal Ca 2+ levels in Aβ1-42-treated HT-22 cells. However, the underlying mechanism was not explored in our study. Bilmen et al. (30) indicated that curcumin is known to inhibit the sarcoplasmic/endoplasmic calcium ATPase (SERCA) leading to increases in cytosolic calcium levels. Another previous work has shown that inhibition of SERCA does not increase lysosomal calcium content (31) . Besides, Lee et al. (32) suggested that knockdown of TRPML1 in a familial AD model increases lysosomal calcium content and decreases cytosolic Ca 2+ . Based on our results that the expression of TRPML1 was upregulated after curcumin use in Aβ1-42-treated HT-22 cells, it seems that curcumin increased cytosolic Ca 2+ levels in Aβ1-42-treated HT-22 cells by upregulating the expression of TRPML1.
Heather et al. suggested that altered APP processing, as observed in AD, may disrupt PI(3,5)P2 metabolism, endosomal (33) . Indeed, various neurodegenerative diseases, including Charcot-Marie-Tooth and amyotrophic lateral sclerosis disease were reported in human with mutations in PI(3,5)P 2-metabolizing enzymes and their regulators (34) (35) (36) . At the cellular level, PI(3,5)P 2-deficient cells reportedly exhibit enlarged endolysosomes/vacuoles and trafficking defects in endocytic pathways (34, 36, 37) . A present study indicated that PI(3,5)P2 controls endolysosomal membrane trafficking by regulating TRPML channels to change juxtaorganellar Ca 2+ level. Particularly, TRPML1 was proved to function as an endolysosomal Ca 2+ release channel that is regulated by PI(3,5)P2 (10). Transient receptor potential mucolipin-1 is believed to play a role in endosomal-lysosomal biogenesis and considered to be the regulator of autophagy and intraneuronal accumulation of Aβ (7, 9) . For example, TRPML1 mutations can not only induce the occurrence of neurodegenerative lysosomal storage disorders but also affects the accumulation of autophagy (7, 9) . A recent study suggested that, in a triple transgenic gp120/ APP/PS1 mouse, HIV coat protein gp120 inhibits the activity of TRPML1 and thereby facilitates the intraneuronal accumulation of Aβ (38) . Lee et al. (32) suggested that overactivation of TRPML1 is pathogenic in familial AD, and that knockdown or inhibition of TRPML1 corrects cellular calcium homeostasis defects. Based on these results, curcumin is an effectively therapeutic treatment for AD by regulating PI(3, 5)P2 and TRPML1 expression.
This study validated this speculation. Curcumin increased the cell viability, decreased the number of autophagosomes, and increased lysosomal Ca 2+ levels in Aβ1-42-treated HT-22 cells, indicating the important role of curcumin on neuronal cell growth and autophagy. Sequencing analysis identified TRPLML1 as the most significantly upregulated gene after curcumin treatment. Western blotting results also showed that TRPML1 was upregulated, mTOR/S6K signaling pathway was activated and markers of the autophagy-lysosomal system were downregulated after curcumin use in Aβ1-42-treated HT-22 cells. Knockdown of PI(3,5)P2 or TRPML1 increased the protein levels of markers of the autophagy-lysosomal system after curcumin use in Aβ1-42-treated HT-22 cells. Knockdown of PI(3,5)P2 or TRPML1 also inhibited mTOR/S6K signaling pathway and increased the protein levels of markers of the autophagy-lysosomal system after curcumin use in APP/PS1 mice. Besides, knockdown of PI(3,5)P2 or TRPML1 reversed the protective role of curcumin on memory and recognition impairments in mice with APP/ PS1 transgenes. To some extent, it suggested that the effects of curcumin on AD pathogenesis were associated with PI(3,5)P2 and TRPML1 expression levels. Our study helps us to have a better understanding of the mechanism underlying the effects of curcumin on AD.
